A typical mammalian egg is surrounded by an outer layer of about 3,000 cumulus cells embedded in an extracellular matrix rich in hyaluronic acid. A current, widely proposed model is that the fertilizing sperm, while it is acrosome intact, passes through the cumulus cell layer and binds to the egg zona pellucida. This current model lacks a well-supported explanation for how sperm penetrate the cumulus layer. We report that the sperm protein PH-20 has a hyaluronidase activity and is present on the plasma membrane of mouse and human sperm. Brief treatment with purified, recombinant PH-20 can release all the cumulus cells surrounding mouse eggs. Acrosome intact mouse sperm incubated with anti-PH-20 antibodies can not pass through the cumulus layer and thus can not reach the zona pellucida. These results, indicating that PH-20 enables acrosome intact sperm to penetrate the cumulus barrier, reveal a mechanism for cumulus penetration, and thus provide the missing element in the current model.
F
oR fertilization to occur the ability of sperm to reach the egg is as critical as the ensuing events of spermegg adhesion and fusion. In mammals a collection of physiological processes including sperm motility, ciliary action in the oviduct, and muscular activity in the vaginal, cervical, and oviductal walls allow the sperm and egg to approach each other in the female reproductive tract (10) . After the gametes approach each other, the sperm must have a means to penetrate the structures surrounding the egg in order to reach, and ultimately fuse with, the egg plasma membrane.
A single ovulated mammalian (mouse) egg is surrounded by about 3,000 cumulus cells. Before ovulation the spacing between cumulus cells increases as the result of synthesis of increased extracellular matrix (ECM) 1 components, including hyaluronic acid (HA). This process, termed cumulus expansion, is regulated by gonadotropins and soluble factor(s) from the oocyte (31, 32) . Expansion results in a cumulus cell/ECM layer that presents a potentially formidable obstacle to an approaching sperm cell.
Various ideas of how sperm may penetrate the cumulus layer have been proposed by different investigators. In an 1 . Abbreviations used in this paper: CNBr, cyanogen bromide; cPH-20, cynomolgus monkey; ECM, extraceUular matrix; GPI, glycosyl phosphatidylinositol; gpPH-20, guinea pig PH-20; HA, hyaluronic acid; hPH-20, human PH-20; mPH-20, mouse PH-20; roT, modified Tyrode's medium; PI-PLC, phosphatidylinositol-specific phospholipase C; R-123, rhodamine-123. early model, sperm were believed to acrosome react outside the cumulus releasing their soluble, acrosomal contents including hyaluronidase. The soluble hyaluronidase was thought to yield sufficient HA cleavage in the ECM of the cumulus cells to allow the acrosome-reacted sperm to penetrate the cumulus layer and proceed to fertilize the egg (20, 34, 41) .
This early model proved to be inconsistent with more recent investigations that examined the acrosomal status of sperm passing through the cumulus. It was found that sperm that have completed their acrosome reaction before meeting the cumulus stick to the surface of the cumulus and cannot penetrate (5, 7, 35, 37, 41) . Furthermore, in both hamster and mouse in vitro fertilization studies, investigators found that it is acrosome intact sperm that penetrate the cumulus layer and reach the zona (1, 3, 7, 13, 34, 41) . Consistent with these findings was the demonstration in several species that the zona, in particular ZP-3, induces sperm to acrosome react (reviewed in 1, 13, 41). These results have led to a widely proposed, current model which states that a fertilizing, acrosome intact sperm passes through the cumulus layer, binds to the zona pellucida and is then induced to acrosome react (1, 3, 7, 13, 21, 34, (39) (40) (41) . This model, as it is usually stated, lacks an explanation for how acrosome intact sperm penetrate the cumulus (1, 41) .
Certain attempts have been made to explain how acrosome intact sperm might pass through the cumulus and reach the zona. Some investigators posited that enzyme activity (in particular hyaluronidase activity) is unnecessary for motile cells to penetrate the cumulus layer. Talbot et al. (38) reported that Chlamydomonas and sea urchin and frog sperm showed no hyaluronidase activity, yet they could reach the zona of cumulus-intact hamster eggs. The interpretation of their experiments has been questioned (7) in that artifactual channels may have been present in the hamster cumulus layers, particularly under the ionic conditions used to maintain heterologous sperm motility. Other investigators have posited that many nonfertilizing, mammalian sperm acrosome react "spontaneously" outside the cumulus, releasing soluble hyaluronidase and thus "softening up" the cumulus for the passage of the one fertilizing, acrosome intact sperm (41) . This "sperm suicide wave" theory is inconsistent with data showing that in vivo in mammals only one, or a few, sperm are present at the site of fertilization (41) .
The investigation in this report arose initially from a very different direction than the issue of sperm penetration of the cumulus layer. Our lab has been studying the sperm surface protein PH-20 which has a required function in a later step in fertilization, when acrosome-reacted sperm bind to the zona pellucida (23, 27, 28) . Some years ago we cloned and sequenced guinea pig PH-20 (gpPH-20) eDNA (15) . Recently, Gmachl and Kreil (9) isolated a eDNA for bee venom hyaluronidase and reported that it had homology with an NH2-terminal domain of gpPH-20 (the NH2-terminal 307 residues). This finding prompted us to ask if PH-20 might have a hyaluronidase activity and what role such an activity could have in the process of fertilization.
Materials and Methods

PCR Cloning of Mouse PH-20-KT3 and Cynomolgus
Monkey PH-20-KT3
PCR was used to synthesize fragments of mouse PH-20 (mPH-20) and cynomologus monkey (cPH-20) cDNAs truncated at the 3' ends. The fragments were truncated to encode PH-20 lacking the signal for attachment of the GPI membrane anchor, so that the encoded PH-20 would be secreted. In addition the engineered PH-20 carried the KT3 epitope tag: the 3' PCR primers contained, before the translation stop, a sequence encoding a 6-amino acid epitope tag (Pro-Pro-Glu-Pro-Glu-Thr) for mPH-20 or an 8-amino acid tag (Thr-Pro-Pro-Pro-Gin-Pro-Glu-Thr) for cPH-20. Both tags are recognized by the mAb KT3. PCR primers were as follows: mouse 5'primer = 5' G C G A A T T C G C T A G C ' I 1 3 T G A~G T T G A G -ATTTAAG 3' and cynomolgus 5' primer = 5' GCGGGATCCGCTAGCTTTACAATGCd3AGTGC 3'; mouse 3' primer = 5' GCGAATTCGCTA-GCTAGGTCTCAGC~GGTAGGAGGTAGAAGGCTGG 3' and cynomolgus 3' primer --5' GC~TCCGCTAGCTCATGTT'I12TGGTT-CTGGTGGTC~TGTTCCTTCCTGTCTCCAATTGG 3' (nucleotides encoding the KT3 epitope are underlined). PCR conditions were as described (18) . The products obtained were subeloned into the NheI or BamHI site of the baculovirus transfer vector pJVP10Z (a gift from Dr. Chris Richardson, McGill University, Montreal).
Transfection of Sf-9 Cells and Production of Recombinant Baculovirus
Sequences encoding mPH-20-KT3 and cPH-20-KT3 were recombined into the Autograph california baculovirus (AcNPV) via the pJVPIOZ a'ansfer vector containing PH-20-KT3 inserts. To generate recombinant virus, 1 ng of transfer vector was cotransfected with 1/~g of wild-type viral DNA into Sf-9 cells as described (36) . Recombinant viruses were isolated from transfection superuatants by plaque purification. To produce recombinant protein, Sf-9 cells were infected with 0.1 PFU of recombinant virus per cell. Suspension cultures were grown in a stirred flask containing serum-free medium. The cultures were infected at 2 x 106 cells/ml and were har- 
Purification of Recombinant Protein
KT3-Sepharose was prepared by coupling KT3 mAb (19) to cyanogen bromide (CNBr)-activated Sepharose CL-4B (7.8 rag KT3/ml resin). Culture media from infected cells were concentrated 10× and loaded on the KT3-Sepharose column at 4°C at a flow rate of 2 bed vol/h. The column was then washed with 5 vol of TNE (10 mM Tris, 140 mM NaC1, 5 mM EDTA, pH 8.0) and eluted with 0.1 M glycine (pH 3.0). Eluted fractions were neutralized with 1 M Tris (pH 9.0) and dialyzed against 2 liters of PBS.
Production of Polyclonal Antibodies
Polyclonal antisera were generated by injecting a female New Zealand White rabbit with 100 ~g purified recombinant mPH-20-KT3 or cPH-20-KT3 in complete Freund's adjuvant. Rabbits were boosted twice, 3-wk apart, with the same dose of antigen in incomplete Freund's adjuvant. Sera were collected 2-wk after the second boost by heart puncture.
Hyaluronidase Activity Assay
Enzyme assays were performed according to Dorfman (6) . Briefly, recombinant PH-20 protein was dissolved in 1 ml enzyme buffer (0.02 M phosphate buffer, 0.45% NaCI, 0.01% BSA, pH 6.8-7.0) and mixed with 0.5 nag HA which was dissolved in 1 ral substrate butter (0.3 M KI-I2POffNa2HPO4, pH 5.30-5.35). Enzyme digestion was allowed to proceed for 45 rain at 37°C. Turbidity was generated at the end of incubation by adding 10 ml acid albumin solution. Optical density at 600 nm was determined exactly 5 rain after addition of acid albumin. A standard testicular hyaluronidase (H-3506; Sigma Chemical Co., St. Louis, MO) containing 0.29 U/ttg was used to establish a standard curve and units of activity were calculated by comparison to this curve.
Indirect Immunofluorescence on Mouse and Human Sperm
For mouse sperm, fresh cauda epididymal sperm were collected into Whittingham's medium (mT) (11) and for human sperm, freshly ejaculated motile sperm were selected on a Percoll gradient (33) and washed through mT. Sperm were then incubated at room temperature for 60 rain with either preimmune sera (diluted 1:100) or immune anti-cPH-20 serum (diluted 1:100) raised against purified, recombinant cPH-20-KT3. After washing through nat containing 3 % BSA and incubating with rhodamineconjugated goat anti-rabbit Fab at room temperature for 60 min, sperm were fixed in 1.5% paraformaldehyde, and then viewed with a Zeiss Axiophot microscope. Phase contrast and fluorescence images (780×) were photographed for the same cell.
Cleavage of PH-20 Protein from the Sperm Surface by
Phosphatidylinositol-specific Phospholipase C
Freshly collected mouse canda epididymal and human ejaculated sperm were washed through PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgC12, pH 6.9), evenly divided into two tubes containing either buffer or buffer plus 45 U phosphatidylinositol-specific phospholipase C (PI-PLC) (ICN Biomedicals, Irvine, CA), and then incubated for 30 rain at 37°C. Sperm and particulates were pelleted by a low-speed centrifugation, followed by a high-speed centrifugation (100,000 g for 30 min). Supernatants from the 100,000 g spin derived from 5 x 106 mouse sperm or 107 human sperm were run on 4-15% SDS-polyacrylamide gels and Western blotted with polyclonal antibodies against recombinant PH-20.
Release of Cumulus CeUs from Mouse Eggs
Superovulated mouse eggs, collected in Whittingham's medium (11) with 
In Vitro Assay of Mouse Sperm Penetration through the Cumulus Layer of Mouse Eggs
Superovulated mouse eggs were collected as described above. Canda epididymal mouse sperm in Whittingham's medium were capacitated at 37°C for 1 h, stained with 10 t~M rhodamine-123 (R-123) for 30 rain, and washed through Whittingham's medium containing 10% BSA. Eggs were placed in 100-/~1 insemination drops containing test antibodies in Whirringham's medium or medium alone. For the experiments illustrated in Fig.  6 , "high" sperm concentration was used: 3 x 103 labeled sperm were added to each 100-td drop (containin~ five eggs) and incubated at 37°C for 10 rain. For the experiments compiled in Table I , "low" sperm concentration was used: sperm, pre-incubated with 10/~M R-123 and antibodies (1/50) for 30 rain, were washed, and then 100-200 washed sperm were added to each 100-~1 insemination drop (containing ~10 eggs). Sperm and eggs were incubated together at 37°C for 10 min. In some cases, the 100-/~1 insemination drop also contained a 1/50 dilution of the antibody as noted in Table I . Absence of antibody from the insemination drop may allow some antibody dissociation from the sperm, while presence of antibody in the insemination drop insures that essentially all antibody-binding sites remain occupied.
Control antibodies were present in the insemination drop in all cases. After incubation eggs were fixed in 1% paraformaldehyde, mounted, and scored for sperm location (in relation to the cumulus layer) in one plane of focus near the center of the egg with a confocal microscope (Bio-Rad Laboratories, Cambridge, MA).
Results
Hyaluronidase Activity and Plasma Membrane Anchoring of PH-20
Our laboratory has previously cloned cDNAs for PH-20 from four mammalian species, initially guinea pig (15) and subsequently mouse (Lathrop, W. E, E. P. Carmichael, D. G.
Myles, and P. . J. Cell Biol. 115:462a), cynomolgus monkey, and human (18) . gpPH-20 is 468-amino acids long. Bee venom hyaluronidase is 349-amino acids long and amino acids 14-303 have 36% identity to the NH~-terminal amino acids 17-307 of gpPH-20. There is no homology in the COOH-terminal region of PH-20, i.e., residues 308-468 (9, 15). To determine if PH-20 has hyaluronidase activity, we developed a system to express and purify recombinant PH-20. Constructs were made that code for secreted forms of mPH-20 and cPH-20 carrying the KT3 epitope tag. Recombinant baculoviruses containing these constructs were used to infect Sf9 insect cells (Fig. 1 a) . Both secreted mPH-20 and cPH-20 were purified to homogeneity by affinity chromatography using the KT3 mAb coupled to Sepharose. The purified, recombinant proteins did not show detectable contamination on silver stained gels (Fig. 1 b) .
To test for hyaiuronidase activity in the purified, recombinant PH-20 we used the turbidimetric assay of Dorfman (6) . We found that purified mPH-20 and cPH-20 have hyaluronidase activity, determined to be •150 U//zg for mPH-20 and "0100 U//~g for cPH-20 (Fig. 2 a) . In comparison, commercially available testicular hyaluronldase (Sigma Chemical Co.) has --0.3-15 U/#g. The PH-20 enzyme activity is inhibited by apigenin, a flavonoid found to be an inhibitor of other hyaluronidases (14) (Fig. 2 b) .
gpPH-20 has been previously found to be on the plasma membrane of guinea pig sperm (4, 22, 26) , anchored in the lipid bilayer by a glycosyl phosphatidylinositol (GPI) anchor (24) . In the current experiments, we found that PH-20 is also on the plasma membrane of mouse and human sperm. We stained live, acrosome intact mouse or human sperm with polyclonal antisera raised against purified, recombinant PH-20. Fluorescent staining was observed on the anterior head of mouse sperm on the anterior or whole head of human sperm (Fig. 3, a-h ). To ask if mPH-20 and human are anchored in the plasma membrane by a GPI anchor, we treated live, acrosome intact sperm with PI-PLC. Incubation with PI-PLC released both mPH-20 and hPH-20 from the sperm plasma membrane (Fig. 4) , indicating that PH-20 in both of these species has a GPI anchor, as it does in guinea pig.
Role of PH-20 Hyaluronidase Activity in Sperm Penetration of the Cumulus Layer
We hypothesized that the plasma membrane-anchored PH-20 hyaluronidase activity could digest HA outside cumulus cells and thus allow acrosome intact sperm penetration through the cumulus layer. To test this hypothesis we specifically chose to use mouse gametes because an extensive set of studies has shown that in mouse only acrosome intact sperm initiate binding to the zona of cumulus intact or cumulus free eggs (1, 2, 8, 17, 29, 30, 34, 40) . To determine if PH-20 could have an effect on the mouse cumulus cell layer, we treated cumulus-intact mouse eggs with purified, recombinant PH-20. While untreated and buffer treated eggs kept their cumulus cells attached tightly for hours (Fig. 5, a and c ), eggs treated with purified PH-20 lost their cumulus cells within 5 rain (Fig. 5 b) . When purified PH-20 was preincubated with an anti-PH-20 polyclonal antibody that inhibited its hyaluronidase activity, the cumulus cell releasing effect was blocked (Fig. 5 d) .
We next tested if inhibition of PH-20's hyaluronidase activity on acrosome intact mouse sperm would block sperm penetration through the cumulus of mouse eggs. We inseminated cumulus intact mouse eggs with capacitated mouse sperm ('~3,000 sperm/100-/~l drop) after pre-incubating the sperm with a control antibody or an antibody blocking mPH-20 hyaluronidase activity. For a control antibody we used an anti-cPH-20 antibody, which cross-reacts with mPH-20 on mouse sperm (see Fig. 3 b) , but does not inhibit mPH-20 hyaluronidase activity (data not shown). In the presence of the control antibody, numerous sperm could be observed that penetrated the cumulus and reached the zona (Fig. 6 a) . In contrast, when anti-mPH-20 that inhibits mPH-20 hyaluronidase activity was added, sperm remained outside, or only partially entered, the cumulus and no sperm reached the zona pellucida (Fig. 6 b) .
Using cumulus-intact eggs inseminated with a much lower sperm concentration (~1 0 0 -2 0 0 sperm/100-#l drop), we could obtain quantitative data on sperm penetration through the cumulus. Under these conditions, a high percentage (86-100 %) of the sperm reached the zona in controls (Table  I) . However, when PH-20 hyaluronidase activity on the mouse sperm was inhibited with the anti-mPH-20 antibody, almost no sperm reached the zona and 92-99 % of the sperm remained outside the cumulus (Table I ). Fig. 3 b) but does not inhibit mPH-20 hyaluronidase activity.
Discussion
The present study shows that the sperm protein PH-20 has a hyaluronidase activity and is present on the plasma membrane on the head of mouse and human sperm, being anchored in the membrane by a GPI anchor. Brief incubation of cumulus-enclosed mouse eggs with purified, recombinant PH-20 results in release of virtually all the cumulus cells surrounding the egg. The PH-20 hyaluronidase activity on the sperm plasma membrane is required for mouse sperm to penetrate the cumulus cell layer and reach the zona pellucida.
PH-20 Enzyme Activity and Membrane Location
The sequence of bee venom hyaluronidase was the first reported sequence of a eukaryotic hyaluronidase (9) . The only other hyaluronldase sequence known is a hyaluronidase encoded by a bacteriophage that infects Streptococcus pyogenes (12) . The bee venom and S. pyogenes sequences are unrelated (9). Since we found that PH-20 has hyaluronidase activity, the sequence homology between the bee venom enzyme and the amino terminal 307 amino acids of PH-20 should be a reflection of the conservation of enzymatic activity. There is 36% identity among amino acids in this first "0300 residues of the bee enzyme and PH-20. Because there is a large evolutionary distance between insects and mammals, the identical amino acid sequences between the bee hyaluronidase and the NH2-terminal domain of PH-20 should represent some of the indispensable structural features of this type of hyaluronidase. PH-20's structural relationship to hyaluronidases from other mammalian tissues remains to be determined. PH-20 is the only known membrane-anchored hyaluronidase. Our fluorescence microscopy showed that it is on the plasma membrane of both mouse and human sperm. 
Function of PH-20 Hyaluronidase Activity in Sperm Penetration of the Cumulus Layer
The results that PH-20 has a hyaluronidase activity and is present on the sperm plasma membrane suggested that it might have a role in acrosome intact sperm penetrating the cumulus layer. Two kinds of experiment supported this idea.
First, we found that brief incubation of ovulated mouse eggs with purified PH-20 resulted in rapid release of the cumulus cells. Second, we developed an assay using R-123-1abeled mouse sperm and confocal microscopy to evaluate the ability of sperm to pass through the cumulus layer and reach the zona. In this assay many sperm reach the zona within ten min after sperm addition to cumulus-enclosed eggs. This rapid penetration through the cumulus can be blocked by an anti-mPH-20 antibody that inhibits mPH-20 hyaluronidase activity (Table I , lines 5 and 6). In one type of experiment an acrosome intact sperm preparation was preincubated with the anti-mPH-20 antibody, and then pelleted and washed free of unbound antibody. When these preincubated sperm were added to an insemination drop containing eggs but no antibody, sperm penetration through the cumulus cell layer was blocked (Table I, line 5 ). This result indicates that prebinding of the antibody to PH-20 on the plasma membrane of acrosome intact sperm is sufficient to block cumulus penetration. In this experiment the anti-mPH-20 antibody is absent in the insemination drop and thus antibody can not be inhibiting by binding to hyaluronidase released by sperm in the drop or by binding to sperm that acrosome react in the drop. The results from the cumulus penetration assays indicate that plasma membrane PH-20 is necessary for cumulus penetration. PH-20 (along with sperm motility) might also be sufficient for cumulus penetration because purified PH-20, in the absence of any other sperm component, can rapidly and completely remove the cumulus layer.
In the context of previous work on PH-20, it is a surprising finding that PH-20 has hyaluronidase activity and functions in an initial step of fertilization. In addition to mPH-20 and cPH-20, gpPH-20 (our unpublished results) has been found to have hyaluronidase activity. Previously gpPH-20 was shown to have a required function in the binding of acrosome reacted sperm to the zona (23, 27, 28) , a later step in fertilization occurring after sperm penetration of the cumulus. We are currently investigating if PH-20 is a bifunctional protein with two distinct activities or if the hyaluronidase and sperm-zona adhesion activity are in some way related.
Significance
The presence of PH-20 hyaluronidase activity on the sperm plasma membrane of species from rodents to primates suggests that this enzyme activity has an essential, conserved function in vivo. One function is apparently in acrosome intact sperm penetration of the cumulus layer and appears to be a fundamental feature of a mechanism that sperm use to reach the egg. This type of mechanism may be used by other cells that migrate through tissues. Such cells include neutrophils and lymphocytes migrating during immune responses and tumor cells migrating during metastasis. These cell types might express PH-20 or other plasma membraneanchored hydrolases that could digest ECM components of the tissues into which the migrating cells penetrate.
In the study of the sequence of cellular events in fertilization, no satisfactory model has previously emerged that can integrate all the data. In an early model, sperm were thought to acrosome react outside the cumulus and then to be able to penetrate the cumulus because of the action of their released soluble hyaluronidase (20, 34, 41) . A current paradigm, based on research findings of the past decade, states that a fertilizing, acrosome intact sperm passes through the cumulus layer, binds to the zona pellucida, and is then induced to acrosome react (1, 3, 7, 13, 21, 34, 39-41) . This model has lacked an explanation for how acrosome intact sperm penetrate the cumulus (1, 41). Our data supply this missing element in the current model. Acrosome intact sperm can penetrate the cumulus layer using the hyaluronidase activity of plasma membrane PH-20, reach and bind to the zona, and then acrosome react on the zona and proceed to fertilize the egg. 
